INTRODUCTION
The growth of plants depends on their environment: light, carbon dioxide and temperature as the main elements of the shoot environment, water and nutrients as the main elements of the root environment. Considering unstressed crops only, we restrict ourselves here to just the effects of light, L, and temperature, T. The essential role of these two factors has been long recognized in agriculture, but the quantitative interaction between them is still a practical problem, as is evident from the extensive work carried out on greenhouse heating regimes. Sometimes only the limiting factor is considered, such as temperature in the growth degree-days (GDD) index for field crops, or the available light in greenhouse cultivation. Carbohydrate production increases with light level, while bio-synthesis into tissue increases with temperature. Therefore it is to be expected that higher light levels require higher temperature levels to fully process the supply of carbohydrate, as is evident in growth experiments (Rajan et al., 1973) . Furthermore, this agrees with natural conditions, where light and temperature are positively correlated over the annual cycle and over climatic regions.
Following Spitters et al. (1989, p.147) , one may write a simple day-step growth model 232 photorespiration), M is daily maintenance respiration, and ε is a (constant) conversion efficiency from carbohydrate to plant structural tissue. The hatted symbols are potential values, which depend solely on the environment (light and temperature), while the unhatted symbols represent actual amounts. P is often formulated as an increasing asymptotic (Michaelis-Menten) function of light, and a concave (inverted parabola) function of temperature, while M is an increasing exponential function of temperature. Alternatively, Equatio (1) may be written as a carbon balance:
where G is daily growth respiration, which, in view of Equation (1), is proportional to S:
Equation (1) (or (2)) is a satisfactory representation of growth as long as light is the limiting factor (which is typically the case in temperate-climate greenhouses). At cool temperatures, however, metabolism rate is low, and the plants may be unable to process all the carbohydrate produced by photosynthesis, resulting in a carbohydrate excess (Nederhoff et al., 1992) , which may inhibit photosynthesis (Stitt, 1991) .
Data published by Gent (1986) , are interpreted in Figure 1 as representing two distinct growth regimes: (1) temperature-limited growth, associated with the cool temperature range (here below about 22°C) and (2) light-limited growth, associated with warm temperatures. There is an apparent negative correlation between growth rate (here as relative growth rate, RGR) and non-structural (carbohydrate) content. Both growth and carbohydrate content are higher at the higher light level (empty markers), with the exception, perhaps, of growth in the cool temperature range. Gent and Seginer (2012) recently reanalysed the 1986 data and formulated a supply-demand day-step growth model, which extends Equation (2) to cover both growth regimes. Their concept is schematically shown in Figure 2 , where, as the light level increases and the supply curve shifts upwards, (1) the boundary between the two regimes shifts towards higher temperatures, and (2) the surplus of supply over demand in the cooltemperature range increases. The switching between the two growth regimes was assumed to depend on whether the daily carbohydrate supply.
is larger (at cool temperatures) or smaller (at warm temperatures) than the demand. Supply and demand are commonly combined to produce yield in one of two forms: either as proportional to their product.
the latter being reminiscent of Liebig's law of the minimum (Paris, 1992) . The product scheme has been applied by Gent and Enoch (1983, Equation 5 ), who multiplied nonstructural carbon (representing supply) and respiration rate (representing demand), while the minimum scheme has been used, as just mentioned, by Gent and Seginer (2012) . Both growth schemes (Eqs. (6) and (7) Day-step models obscure the dynamics, over the diurnal cycle, of the nonstructural carbohydrate storage (pool, buffer), which, when empty, limits growth respiration (and therefore growth), and when full, inhibits photosynthesis (and eventually growth).
Dynamic Carbohydrate Pool Model
While photosynthesis takes place only in the light period, transforming the resulting carbohydrate into tissue goes on continuously, day and night. Hence, the content of the carbohydrate pool, C, fluctuates over the daily cycle with a maximum near sunset and a minimum near dawn, as modelled by Seginer et al. (1994) . This is shown schematically in Figure 3 for a square wave light function and a constant temperature, T. Three regimes are illustrated. (1) CT (cool temperature), where the daily temperature integral is low relative to the light integral. This creates an excess of carbohydrate, which saturates the storage (C=C x ) and inhibits photosynthesis (here between 4 and 10 h). The result is temperature-limited growth. (2) WT (warm temperature), where low light and warm temperature deplete the carbohydrate pool (C=0, here from 14 to 24 h), thus stopping growth. This regime is termed photosynthesis-limited growth. (3) IT (intermediate temperature), where temperature and light are roughly balanced, and the storage trajectory hits both the top and bottom bounds of the carbohydrate pool. This may be termed storage-limited growth. Note that as the temperature increases (for a given light level) from CT to WT, the upwards slopes in the light period (here the first 10 hours) decrease, while the downwards slopes in the dark period increase.
Increasing the light level for any one of the temperatures results in the dashed trajectories. In the light period the slopes increase with light level, while during the dark period the slopes do not change. In all cases the start and end of day storage levels are the same (periodic trajectories).
The trajectories of Figure 3 may be used to calculate the daily growth and carbohydrate level of the crop. We use lower-case letters (e.g., m) to represent rates, corresponding to the upper case letters (e.g., M) for daily totals. We make the simplifying assumption that potential growth respiration is proportional to potential maintenance respiration, and that both increase with temperature. Thus,
Then for CT, where temperature is limiting, daily growth, S, and carbohydrate storage at dawn, C, become
and
where t L and t D are the durations of light and dark periods. For IT, where storage is limiting,
which may either increase or decrease with T, depending on the value of t L θγ-t D , and 0  C
Finally, for WT, where light is limiting,
Note that out of the six equations, (9) to (14), only Equation (13) depends on photosynthesis rate, p, namely on light, while the carbohydrate pool size, C x , has no effect in the warm temperature range.
The switching temperatures from one regime to the next may be evaluated from the implicit equations
between IT and WT, 
For ease of comparison with other studies, the daily totals may be expressed in terms of relative growth rate (RGR), using total dry mass as the basis for all elements of the carbon balance, as well as for the storage size (C in g[NSC]/(g[TDM]d), where NSC is non-structural carbohydrate, and TDM is total dry mass).
RESULTS AND DISCUSSION
This model is an extremely simplified presentation of reality. If, as done in this study, } { T m is approximated by a linear function, the model contains only 5 parameters. Figure 4 shows a fit (by inspection) of the model to the data of Figure 1 , in which there is no storage limitation. The fit required an additional parameter to allow for the apparent carbohydrate pool content in the warm temperature (WT) range (right side of lower panel), and another two parameters to convert from light level to photosynthesis. No effort has been made to optimise the fit. The figure shows that the dependence on temperature and light, as predicted by the model, does agree with the trends of the data. In other words, the presumed control via the carbohydrate pool does produce the observed trends. The model could be considered a mechanistic explanation on the differential (rate) level, of the observed phenomena on the integral (daily-time step) level. Note that while this approach has already been used to predict growth by Seginer et al. (1994, Fig . 7) , the prediction of non-structural carbohydrate (lower panel of Fig. 4) is new.
The model has several deficiencies, such as: (1) gross photosynthesis, p, is independent of temperature, and (2) rates change abruptly at the upper and lower bounds of the carbohydrate pool (Fig. 3) . More specifically, Gent and Seginer (2012, Fig. 2) , and other authors, show that p declines at cool and warm temperatures (as in Fig. 2) , and Breeze and Elston (1978, Figs. 2 to 4) and Gary et al., (2003, Fig. 1 ), among others, show that respiration rate changes gradually (and not abruptly) under prolonged darkness.
A more fundamental problem is that we assume the crop parameters, such as C x , to be independent of the (light and temperature) treatments. These parameters may, however, acclimate to the experimental treatments, possibly via 'morphological adjustment' (Brouwer, 1983) , and therefore differ among treatments. As an example of correction for acclimation, Gent and Seginer (2012, Eq. (13) ) use a treatment-dependent leaf area ratio (LAR) to adjust photosynthesis per unit mass. Plants in most growth experiments are partly acclimated, as different treatments are applied to plants which reside initially under identical conditions. Obliterating the effect of the initial common state by means of a treatment, may require a considerable length of time.
CONCLUSION
This analysis suggests that feedback from a single carbohydrate pool is a plausible mechanistic description of photosynthesis inhibition when the pool fills, and of declining growth when it empties. Similarly to the day-step model of Gent and Seginer (2012) , the model predicts qualitatively the increasing growth and declining carbohydrate content with temperature in the cool-temperature range. It also predicts the declining growth rate and constant low level of the carbohydrate pool in the warm temperature range, as well as the increase of optimal temperature with increasing light level (Fig. 4) . More generally, it outlines the two-regime nature of growth.
Further exploration of the model may proceed in several directions, of which three are now mentioned:
(1) The effective size of the carbohydrate pool is expected to be the result of adjustment on the evolutionary scale. One would expect to find a larger pool in plants of regions where the daily light integral is large. Is there any evidence for that? (2) Certain crop properties, such as leaf area ratio and pool size may adjust (acclimate) to environmental changes over a period of several days or weeks. The dynamic model may be used to explore the time constant of such an adjustment. For example, an abrupt reduction of the temperature in the CT range (Fig. 3) , would result in a gradual increase of the non-structural carbohydrate level and thus affect the LAR. The adjustment time-constant could be estimated, in principle, by the model. (3) Replacing the abrupt change of respiration at the lower bound (Fig. 3) , by a proportional (asymptotic) decline (Breeze and Elston, 1978) , could perhaps produce mechanistically the observed carbohydrate reserve in the photosynthesis limited growth regime. Fig. 1 . Structural relative growth rate (RGR, top panel) and non-structural to structural matter ratio at dawn (bottom panel), for tomato seedlings as functions of light and temperature (data from Gent, 1986) . Empty markers are for the high light treatment and filled markers -for the low light treatment. Lines fitted by inspection. Fig. 2 . Schematic representation of the supply-demand concept from the daily-time-step model of Gent and Seginer (2012) . Three arbitrary light levels are shown. Actual growth rate, S{T}, the minimum of supply and demand, is shown for the middle light level by the heavy solid curve. Model predictions compared to the data of Gent, (1986) (same as in Fig. 1 ). Photosynthesis independent of temperature (unlike the parabolas of Fig. 2 ). Respiration linearly dependent of temperature (not exponential).
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